Principles of E-Cadherin Supramolecular Organization In Vivo  by Truong Quang, Binh-An et al.
Principles of E-CadherinCurrent Biology 23, 2197–2207, November 18, 2013 ª2013 Elsevier Ltd All rights reserved http://dx.doi.org/10.1016/j.cub.2013.09.015Article
Supramolecular Organization In VivoBinh-An Truong Quang,1 Madhav Mani,2,3 Olga Markova,1
Thomas Lecuit,1 and Pierre-Franc¸ois Lenne1,*
1Developmental Biology Institute of Marseilles,
UMR 7288 CNRS, Aix-Marseille Universite´, 13288 Marseille
Cedex 9, France
2Kavli Institute of Theoretical Physics, Santa Barbara,
CA 93101, USA
3University of California, Department of Physics,
Santa Barbara, CA 93101, USA
Summary
Background: E-cadherin plays a pivotal role in tissue morpho-
genesis by forming clusters that support intercellular adhesion
and transmit tension. What controls E-cadherin mesoscopic
organization in clusters is unclear.
Results: We use 3D superresolution quantitative microscopy
in Drosophila embryos to characterize the size distribution
of E-cadherin nanometric clusters. The cluster size follows
power-law distributions over three orders of magnitude with
exponential decay at large cluster sizes. By exploring the pre-
dictions of a general theoretical framework including cluster
fusion and fission events and recycling of E-cadherin, we iden-
tify two distinct active mechanisms setting the cluster-size
distribution. Dynamin-dependent endocytosis targets large
clusters only, thereby imposing a cutoff size. Moreover, inter-
actions between E-cadherin clusters and actin filaments con-
trol the fission in a size-dependent manner.
Conclusions: E-cadherin clustering depends on key cortical
regulators, which provide tunable and local control over
E-cadherin organization. Our data provide the foundation for
a quantitative understanding of how E-cadherin distribution
affects adhesion andmight regulate force transmission in vivo.
Introduction
Epithelia form barriers that are extensively remodeled during
development and in the adult, such as in the gut. Cell-cell
adhesion underlies tissue cohesion. Adhesion requires the
cis and trans association of E-cadherin (E-cad) molecules
through their extracellular domains [1–7], and their stabiliza-
tion by interactions with the cortical actin cytoskeleton at
adherens junctions. Interactions between E-cadherin and
F-actin requires b-catenin and a-catenin [8–10], along with
other F-actin binding proteins such as Vinculin [11, 12] and
EPLIN [13]. The morphogenesis of epithelia is accompanied
by the extensive remodeling of cell contacts. On one hand,
this requires regulation of cell-cell adhesion, for instance,
through regulation of levels of cadherins, and/or turnover by
endocytic recycling. On the other hand, junction remodeling
depends on the local regulation of cortical tension associated
with the junctional actomyosin network. For example, polar-
ized actomyosin enrichment drives cell intercalation during tis-
sue extension, or cell constriction during tissue invagination*Correspondence: pierre-francois.lenne@univ-amu.fr[14]. Remarkably, cortical tension and adhesion are not inde-
pendent processes as they are both dependent on E-cadherin
complexes. Cortical actomyosin pulls on E-cadherin com-
plexes via a-catenin [12, 15–17], and therefore the forces trans-
mitted at cell contacts require E-cadherin to control contact
shape [18, 19]. Thus, E-cadherin complexes have two inter-
twined mechanical functions: they support the formation and
stabilization of cell contacts, and they transmit tensile forces
at cell contacts during tissue remodeling [14, 20].
An abundant literature documents the fact that regulation of
cadherin levels has a profound effect on tissue organization
and tissue dynamics. Rapid uptake of E-cadherin by endocy-
tosis and strong reduction in E-cadherin levels are associated
with a loss of columnar epithelial organization during epithe-
lial-mesenchymal transition (EMT), an important develop-
mental process (such as in the dermomyotome and lateral
plate mesoderm of developing vertebrate embryos) and an
important step in cancer progression [21]. Differential expres-
sion of adhesion molecules was also shown to drive cell-sort-
ing phenomena in cell culture [22, 23] and in vivo [24, 25].
E-cadherin recycling is also required for cell intercalation dur-
ing germband extension in Drosophila [26–28] and zebrafish
epiboly [29].
Yet, the levels of E-cadherin molecules, although an impor-
tant parameter, are a too rough description to account for
E-cadherin’s role in tissue morphogenesis. E-cadherins do
not accumulate uniformly at adherens junctions and form
instead finite size clusters in many cell types even visible
with diffraction-limited optics [12, 30–33]. These clusters
transmit cell tension [15, 31], and their existence leads one
to consider that cell mechanics is discretized at cell contacts.
The size, distribution, and lateral dynamics of E-cadherin clus-
ters are indeed expected to impact on adhesive forces and
tensile force transmission locally. Remarkably, however, we
do not understand how such clusters form and what sets their
size. To a large extent, this is due to the fact that such clusters
have not been characterized quantitatively yet. Our observa-
tion and quantification of a broad distribution of E-cadherin
clusters stands in contrast to predictions for a passive system
and elicits the following questions: Which active processes
determine the supramolecular organization of E-cadherin
in vivo and to what extent? In particular, how do endocytosis
and actin interactions regulate cluster distribution?
By combining 3D superresolution optical imaging with theo-
retical modeling, we address here the mechanisms governing
the formation of E-cadherin clusters in vivo. We first analyze
how E-cadherin is organized at adherens junctions of intact
epithelia of Drosophila embryos and find it forms dense nano-
metric clusters, containing mixed cis- and trans-pairs. Sec-
ond, we show that the size of E-cadherin clusters follows a
power-law distribution over three orders of magnitude with
exponential suppression of clusters above a certain size.
Such polydispersed distributions are observed over a large
range of E-cadherin surface densities at junctions and at all
times during 2 hr of epithelial morphogenesis. In an attempt
to study the kinetics of cluster growth, we observed the forma-
tion of new junctions and found that clusters grow rapidly
(<5 min) up to a steady state along with E-cadherin junctional
Figure 1. E-Cadherin Distribution in Live
Epithelia of Drosophila Embryos
(A) Confocal images showing the apicolateral dis-
tribution of the endogenous E-cadherin fused to
GFP (endoE-cad::GFP) (left) and E-cad fused to
the photoconvertible protein EosFP (E-Cad::
EosFP) (right) in the ventrolateral region (stage 8).
The scale bar represents 5 mm.
(B) Schematic diagram of epithelial cells during
cellularization and gastrulation. AJ, adherens
junction; BJ, basal junction (left). E-cad intensity
during cellularization and gastrulation along the
apicobasal axis (right).
(C) Absolute level of E-cad revealed by endoE-
cad::GFP during early embryogenesis.
(D) Junctional surface density of endoE-cad::
GFP (black) and E-cad::EosFP (blue) at two
stages of tissue morphogenesis in live (FCS and
confocal imaging) and fixed embryos (orange,
PALM imaging). Error bars represent the SD.
See also Figure S1.
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2198surface density. To understand the origins of these distribu-
tions, we explore the falsifiable predictions of a general theo-
retical kinetic framework, which incorporates clustering and
recycling mechanisms and propose experiments to challenge
different models. Blocking endocytosis using a dynamin
mutant alters only the cluster size above which cluster fre-
quency is exponentially suppressed, while having no measur-
able effect on the frequency of smaller clusters. This indicates
that dynamin-dependent endocytosis preferentially targets
large clusters, with rates increasing dramatically past a critical
cluster size (>100molecules). a-catenin-mediated interactions
of E-cadherin with actin influence the power-law regime.
Our observations are consistent with actin-based active con-
trol of cluster fission and passive/diffusive fusion dynamics.
This work demonstrates that endocytosis and interactions
between E-cadherin and actin have antagonistic qualitative
and quantitative functions, providing tunable and local control
of E-cadherin clustering.
Results
E-Cadherin Surface Density in Live Drosophila Embryos
We first examined the distribution of E-cad::GFP in early
epithelia, using a knockin line replacing the endogenous
E-cadherin, called E-cad hereafter [34]. Similar to what has
been observed previously [31, 35], E-cad organizes nonuni-
formly. Confocal images show diffraction-limited ‘‘spots’’
(Figure 1A), whose distribution changes during tissuemorpho-
genesis (Figure 1B and Figure S1 available online). Although
E-cad was mostly found basally during cellularization, it
tended to organize apically, during gastrulation, forming the
adherens junctions (AJs) [35]. E-cad fused to the photoconver-
tible monomeric EosFP (E-cad::EosFP), which we used here-
after for superresolution imaging, organized similarly at AJs
(Figure 1A, right), and also exhibited a clear apicobasal polarity
(Figures 1B and S1).To determine the absolute number
of E-cad in single cells and at cell
junctions, we then performed live quan-
titative imaging, combining confocal
microscopy with fluorescence correla-
tion spectroscopy (FCS) [36] (Figures1C and 1D). FCS was used to calibrate the photon count rate
per GFP molecule and per EosFP molecule, which was then
used to translate the number of photons in the confocal
images into number of molecules (Figures S1D and S1E). On
average, 36 13 104 E-cad was detected at the plasma mem-
brane during gastrulation (stage 7b, called ‘‘early’’ hereafter,
n = 5 embryos, mean 6 SD) (Figure 1C), consistent with previ-
ous reports using ELISA assays [37]. Forty-five minutes later
(stage 9, called ‘‘late’’ stage hereafter), the number of E-cad
increased by about 50% (4.5 6 2 3 104 molecules per cell).
At the AJ over a 1 mm thickness, the surface density of E-cad
was 370 6 130 and 630 6 150 molecules per mm2, at, respec-
tively, early and late stages (Figure 1D). Quantification of
E-cad::EosFP by confocal microscopy using FCS calibration
indicates that it is 50% less abundant than the endogeneous
E-cad and follows the same rate of increase (Figure 1D).
Note that if E-cad were equally spaced in the two apposed
membranes, 600 molecules per mm2 would translate into a
distance in the plane of a membrane of 60 nm, which is about
ten times larger than the lateral size of individual E-cad. In
contrast, if all E-cad molecules of a junction of 5 mm length
would condense in a tightly packed aggregate they would
form a single macroscopic cluster ofw200 nm diameter, that
is, 1/25 of the length of a junction.
Superresolution Imaging Reveals Packed Nanometric
E-Cad Clusters
To determine the supramolecular organization of E-cad at
cell-cell contacts, we developed an optical setup based on
photoactivation localized microscopy [38] (PALM) and used
the E-cad::EosFP to map E-cad distribution. Figure 2 shows
the density and single molecule maps of E-cad::EosFP at
cell junctions. Single E-cad::EosFP molecules could be
localized with 30 nm precision in the plane of the epithelium
and 50–100 nm precision along the apicobasal direction
(optical axis) [39] (Figures 2B, 2C, and S2A). Comparison
Figure 2. Superresolution Images of E-Cad in
Epithelia
(A) Sum of all images used for PALM analysis.
(B) PALM image showing the supramolecular
organization of E-cad::EosFP. Higher magnifica-
tion (bottom) shows uneven dense regions along
a cell junction. Scale bars represent 5 mm (top)
and 500 nm (bottom).
(C) Single molecule map and cluster organization
along junctions represented in projections (top
and middle) in an oblique view (bottom). x, y
coordinates are in the plane of the junctions,
z is along the apicobasal axis. Molecules are
color coded according to the cluster size (num-
ber of molecules). Localization precision: x-y,
30 nm; z, 50–100 nm.
(D) Density of E-cad::EosFP in clusters of size
larger than 50 molecules. The density of
E-cad::EosFP in cis-clusters (magenta curve)
was determined from a selection of clusters (36
clusters), detected on PALM image as paired-
clusters in separated membranes (inset). ‘‘All-
clusters’’ data correspond to all clusters found
in one epithelium (black curve, 128 clusters).
The scale bar represents 200 nm.
See also Figure S2.
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2199with optical-diffraction limited image shows that high intensity
aggregates, which were not possible to resolve with conven-
tional optics, could be resolved into nanometric clusters in
the PALM images (compare Figures 2B with 2A, sum of all
images used for PALM analysis).
To quantify these further, we applied an automatic detection
algorithm to identify clusters and classified them according to
cluster size, i.e., the number of E-cad they contain (Figures 2C
and S2).
The density of E-cad::EosFP in clusters was found to be
rall = 7,400 6 3,200 per mm
2 (mean 6 SD, 128 clusters, one
embryo, size >50 molecules, Figures 2D and S2B). This was
significantly different from the density of E-cad::EosFP in cis-
clusters, that we could unambiguously detect in occasional
cases where membranes were separated (rcis = 4,800 6
1,900 molecules per mm2, mean 6 SD, 36 clusters, p < 1023
Wilcoxon test, Figure 2D). Comparison between the densities
rall and rcis suggests that in average about 25% molecules in
clusters are in cis.
Given the density of E-cad::EosFP in cis-clusters and the
fact that E-cad::EosFP molecules detected in PALM repre-
sents about 30% 6 15% of total E-cad (endogeneous E-cad
and E-cad::EosFP, Figure 1D), we therefore estimated the den-
sity of adjacent E-cad in a membrane to be 16 (+16/210)3 103
per mm2. This would translate into an average distance
between adjacent E-cad of 7.9 nm (+2.4/21.8). This value is
consistent with structural studies of mammalian cadherins
showing that adjacent cadherins in a membrane are spaced
by 7 nm [3, 40, 41] and confirms that we detect bona fide clus-
ters of packed E-cad.E-Cad Is Organized into
Polydispersed Clusters
Thus, E-cad forms dense nanometric
clusters in vivo and their size can be
studied quantitatively. This led us to
investigate the mechanisms deter-
mining cluster distributions at cell junc-
tions. We first quantified the distributionof cluster size, i.e., the number of multimers of size n, cn, over a
large number of junctions in different embryos of the same
stage (492 junctions, 13 embryos, stage 7b, ‘‘early,’’ Figure 3A).
Remarkably, clusters were very polydispersed in size, ranging
over three orders of magnitude. We ensured that PALM
acquisition and our data analysis techniques preserve the
information of molecular organizations (Figure S3; Supple-
mental Experimental Procedures). The cluster-size distribu-
tion is well approximated by a power law with an exponential
cutoff: cn = A n
aexp(2n/n*) with an exponent a = 21.94 6
0.03, a cutoff n* = 100 6 20 molecules and an amplitude
A = 33 6 2 (Figure 3A).
The existence of a power-law distribution indicates that the
dynamics that shape the distribution do not single out any
one size, and as a consequence the system does not exhibit
a characteristic size. This ‘‘democracy’’ of cluster sizes
breaks down in the exponential cutoff regime of the distribu-
tion for larger clusters. Furthermore, because a straightfor-
ward clustering process ought to lead to ‘‘coarsening’’—the
absence of any intermediate scales—our observations indi-
cate the presence of a removal mechanism. In the absence
of deposition, a removal mechanism would lead to a loss
of cadherins at junctions. The observation of steady-state
distribution suggests the presence of both removal and
deposition, that is, recycling. Remarkably E-cad organization
is very different from that of other membrane components,
such as GPI-anchored proteins, which form very small
oligomeric structures [42], integrin or syntaxin, which orga-
nizes in clusters with characteristic size of a few tens of
molecules [43, 44].
Figure 3. E-Cad Cluster-Size Distribution and the Effects of E-Cad Junctional Surface Density and Junction Maturation
(A) Cluster-size distribution at early stage (n = 492 junctions analyzed). Green dots are experimental data. Blue squares show the same distribution using a
logarithmic binning. Solid red line is a fit of the experimental data by a power law with a power exponent 21.94 6 0.03 and an exponential cutoff (100 6 20
molecules). Error bars represent SD.
(B) E-cad junctional surface density at early and late stages.
(C) Cumulative distribution functions at two junctional surface densities (s1 = 175 6 25 molecules/mm
2 and s2 = 275 6 25 molecules/mm
2). Comparison
between early and late stages (KS test).
(D–F) Power-law exponent (D), cutoff size n* (E) and amplitude (F) of the cluster-size distribution as a function of junctional surface density.
(G) PALM images of AJs at early and late stages. The scale bar represents 5 mm.
See also Figure S3.
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2200Are these features of the cluster-size distribution particular
to junctions at an early stage of maturation or are they pre-
served over a large range of surface densities and ‘‘age’’ of
junctions? This question is particularly relevant as E-cad
surface densities change during development and impact
profoundly on sorting behaviors between different cell popula-
tions and tissues [45]. To address this question, we first inves-
tigated how clustering amplitude and distribution changed as
a function of E-cad surface density that varies over a broad
range at a given stage (Figure 3B). The functional form of the
distribution is preserved at all observed E-cad junctional
surface densities (Figure 3C, cumulative distributions for two
surface densities s1 = 175 and s2 = 275 molecules/mm
2), with
a power-law exponent a and cutoff size n*, which increases
with E-cad junctional surface density (Figures 3D and 3E,
492 junctions in total). In contrast, the amplitude A remains
relatively constant over a large range of E-cad junctionalsurface densities (Figure 3F). As elaborated upon in the Sup-
plemental Experimental Procedures, the constancy in mono-
mer concentration could be a consequence of two possible
limiting considerations: strong monomer-monomer binding
into a trans-E-cad bond or alternatively rapid clustering of
trans-E-cad bonds relative to their dissociation into mono-
mers. Regardless, at a phenomenological level, at a given
E-cad junctional surface density, the two parameters a and
n*, characterize the cluster-size distributions andwill be exten-
sively used hereafter to investigate the mechanisms that regu-
late E-cad clustering.
Strikingly, the clustering depends strongly on the local
junctional surface density but not on the age of junctions
(Figure 3C). Even if on average the E-cad junctional surface
density increased by 70% between early and late stages (Fig-
ure 3B), we found that junctions at the two stages having the
same E-cad junctional surface density exhibited the same
Figure 4. Kinetics of E-Cad Clustering in New
Forming Junctions
(A) PALM images of E-cad::EosFP during the
formation of a new junction after cell division,
t0 = 0–20 s after the formation of the interface
(left), t1 = 120 6 30 s (middle), and t2 = 240 6
30 s (right). Scale bars represent 5 mm (top) and
1 mm (bottom).
(B) Cluster-size distribution and E-cad junction
surface density (inset) at three time points of junc-
tion formation after cell division (17, 16, and 16
analyzed junctions for t0, t1, and t2, respectively).
(C) Comparison between new formed junctions
and more mature ones.
See also Figure S4.
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2201cluster-size distributions (Figure 3C, Kolmogorov-Smirnov
[KS] test p > 0.2), indicating that we are observing steady-state
distributions. Despite earlier reports using conventional micro-
scopy indicating that E-cad seems to form a continuous belt at
these later stages, PALM observations clearly show that AJs
are still composed of many polydisperse clusters (Figure 3G).
Equilibration of E-Cad Clusters in New Forming Junctions
During tissue morphogenesis, cells need to dynamically
modulate their adhesion as junctions disappear and reform
[26, 46]. It is therefore important to determine the timescales
over which changes in E-cad surface density can potentially
impact on clustering at AJs. To this end, we monitored how
E-cad organizes at cell membranes forming new junctions
after cell division, using PALM at different time points.
After cytokinesis, a new interface is created between the
apposed membranes of daughter cells (Figure 4A, top, t =
0–200 0) [47–49]. At this time point, the E-cad junctional surface
density is low, 20 molecules per mm2 (17 junctions, Figure 4B,
inset). The cluster-size distribution is narrow with only a small
fraction of E-cad engaged in clusters (<10%) (Figure 4B).
By about 2 min later, the number of clusters increased; clus-
ters with more than ten molecules were detected. Strikingly, at
this time point, the distribution was the same as the one
observed inmoremature junctions having the same E-cad sur-
face density (Figure 4C), indicating that clusters have had
sufficient time to fuse and the distribution has adjusted to
the increase in E-cad surface density. After about 4 min, the
junctional surface density increased by 4-fold and clusters
weremore numerous (Figure 4B). Again the distribution agreed
with more mature junctions at the same surface density (Fig-
ure 4C), indicating that the cluster distribution adjusts rela-
tively rapidly to alterations in E-cad junction surface density.
As detailed in the Supplemental Information, the characteristic
time required for the distribution to equilibrate to the increased
junctional pool of cadherin is determined by the rate of cluster
fusion: if diffusion limited, it is on the order of 100 s (typicaljunction length 4 mm, cadherin diffusion
constant 0.01 mm2/s [31]), consistent
with the above observations.
Equilibration aside, an increase in
E-cad junction surface density at a new
cell junction can result from two distinct
sources: accumulation of free mono-
mers diffusing from other regions of the
cell membrane and by vesicular traf-
ficking. By determining the number of
E-cad::EosFP found in vesicles close tothe junctions (6.66 2, mean6 SD, 344 vesicles), we estimated
that a net flux of 15 vesicles per minute would be required at a
minimum to bring E-cad to new forming junctions and account
for the observed changes in E-cad surface density (Figure S4).
Future dynamic data will allow us to quantify the relative
contribution of these two E-cad sources.
A Framework for Kinetics of Cluster Formation
To uncover the mechanisms of clustering that account for
observed distributions, we employ a general theoretical frame-
work, which was introduced by Smoluchowski [50], and that
has been extended [51] and applied in various contexts.
Although this framework recovers power-law distributions
and can straightforwardly account for deviations from it, its
utility is manifest in its predictions of qualitatively distinct
distributional outcomes of contrasting molecular clustering
mechanisms [52, 53].
Cadherin clusters can fuse to each other generating larger
clusters and undergo fission, thereby producing smaller clus-
ters as depicted in Figure 4. Accounting for these simple
dynamics, Equation 1 represents the time evolution of the con-
centration of clusters of size n, cn:
dcn
dt
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(Equation 1)
The recycling term, elaborated upon later, characterizes the
cluster-size-dependent flux of E-cad on and off junctions. In
particular, flux into the population will account for monomer-
monomer association. Higher-order monomer interactions
with clusters are neglected, as is direct dissociation of clusters
into monomers. The rates, k+n,m and k
2
n,m, parameterize the
Figure 5. Regulation of Cluster-Size Distribution by Endocytosis
(A) Schematics of the kinetic model for clustering: Number and size of clusters result from the balance of fusion and fission events at the cell surface and
recycling. Recycling consists in delivery of E-cad monomers and endocytosis/removal of clusters.
(B) PALM images of E-cad::EosFP in shi-ts mutant and control at 32C. Higher magnifications show a cell junction in shi-ts mutant and in control.
(C) Junctional surface density in shi-ts mutant and in control (32C).
(D) Cumulative distribution of the cluster size at the surface density of E-cad::EosFP = 200 molecules/mm2 (p value shown, KS test).
(E and F) Power-law exponent (E) and cutoff size (F) as a function of junctional surface density in shi-ts mutant and control.
(G and G0) Transmission electron micrograph of AJs in wild-type embryos. The plasma membranes of contacting cells are shown, together with spot
adherens junctions (SAJs) (white arrowheads), and clathrin-coated pits (black arrow). Higher magnification (G0) corresponds to the square box in (F).
Scale bars represent 5 mm in (B) and 250 nm in (G). See also Figure S5.
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2202rate at which clusters of size n and m fuse into a cluster of size
(n + m) and the reverse fission process, respectively. These
effects are illustrated in Figure 5A (details in Supplemental
Information). We allow the rates to depend on the size of inter-
acting clusters. Although fusion and fission rates would be
related by detailed balance in a passive process, here we do
not posit such a constraint. We have neglected several, poten-
tially important, effects: transport of clusters along the junction
as well as distinctions between cis and trans clusters. Neglect
of these details reflects the inaccessibility to these features
experimentally. As alluded to previously, rates that do not
single out any particular size, for example, k+n,m w (n
b + mb)
or k+n,m w (nm)
b, result in power-law distributions. As
an example, were a particular scale singled out, N in the
case k+n,m w exp[(n + m)/N], polydispersed distributions
would not be observed.
The process of fusion alone ensures that at sufficiently long
times all available cadherins will reside within large clusters, a
process referred to as coarsening. This is avoided through the
process of endocytosis that depletes the junction of cadherins
and recycles them back onto interfaces: here represented
through a recycling term in Equation 1, to be discussed later.
Observations suggest an investigation of the steady-state
solutions to these equations and, in particular, an exploration
of which cellular processes and molecular players influence
fusion, fission, and recycling as described within this frame-
work. We begin by perturbing endocytosis.
Regulation of Cluster-Size Distribution by Endocytosis
Endocytosis has been shown to modulate the level of E-cad at
cell junctions in mammalian cell cultures [54] and in vivo [27,29]. Although endocytosis has an effect on E-cad junctional
surface density, E-cad clusters could be directly targeted for
endocytosis [55] and thereby have a significant impact on
clusters organization. We investigated the role of endocytosis
on the supramolecular organization of E-cad by blocking the
endocytic pathway mediated by Shibire (Shi), the Drosophila
ortholog of Dynamin, a GTPase involved in vesicle scission,
which is concentrated at AJs in remodeling epithelia
Drosophila [27]. As expected, in shimutants (using a tempera-
ture-sensitive [ts] allele, shi-ts and placing embryos at the
restrictive temperature 32C for 20 min), the junctional sur-
face density of E-cad increased by 80% (12 embryos, p value <
10210, Figures 5B and 5C). We then compared the cluster-size
distribution between shi-ts mutants and control (at the restric-
tive temperature 32C) at the same junctional E-cad surface
density s* (Figures 5C and 5D, s* = 200 molecules per mm2).
Remarkably, cumulative distribution plots show that the larger
clusters (size > 100 of E-cad::EosFP, i.e., size > 300 for E-cad)
were more abundant when endocytosis was blocked. Consis-
tent with this, the observed cluster distribution (exponential)
cutoff scale n* was systematically larger in shi-ts mutants
compared to control (Figure 5F). However, the exponent of
the power-law a was unchanged (Figure 5E). We therefore
can rule out that endocytosis tunes clustering by simply
removing E-cad monomers and thereby tuning overall E-cad
surface density. Instead, our observation indicates that
endocytosis targets large E-cad clusters, while not perturb-
ing the mechanisms of clustering at scales smaller than n* <
100. This is consistent with electron micrographs showing
numerous clathrin-coated pits in the vicinity or within spot
AJs (Figures 5G and 5G0). This also supports the recent
E-Cadherin Supramolecular Organization In Vivo
2203proposal that E-cad-regulated clustering in cis accelerates its
endocytosis in vivo [27]. Taken together, our observations
suggest a recycling term of the form,
sðnÞ= jondn; 12 joff exp

n=n*

cn: (Equation 2)
Equation 2 represents the strong depletion of clusters from
junctions of sizes larger than n* at a rate joff (exponential
cluster-size dependence ensures that endocytosis of small
clusters, n < n*, is negligible). Furthermore, we make the bio-
logically plausible assumption that cadherins are recycled
and delivered to the interface in monomeric form at a rate jon
(dn,1 is the kronecker delta function that equals 1 if n = 1 and
0 otherwise). Taken together, endocytosis prevents the accu-
mulation of large clusters—coarsening—thereby ensuring a
steady state.
Cluster-Size Distribution at Steady-State and
Size-Dependent Clustering Events
By targeting large clusters, endocytosis produces a cutoff but
leaves unchanged the power-law regime of the cluster-size
distribution (at a given E-cad junctional surface density, Fig-
ure 5D). Interestingly, our observations over a wide range of
E-cad junctional surface densities have exponents that lie
in the interval a <21.5 (Figure 5E). We note that passive fusion
and fission of clusters, with E-cad delivery and endocytosis
ensuring a steady state, recovers a distribution with an expo-
nent a = 21.5 [56] (details in Supplemental Information). This
suggests that cluster distributions in vivo are a consequence
of actively regulated fission and fusion rates. In particular,
we are interested in whether interactions between E-cad and
actin influence fission and fusion of clusters, and if so, how.
Alterations in fusion versus fission of E-cad clusters pro-
duce qualitatively distinct effects on E-cad distributions
(mathematical details can be found in the Supplemental Infor-
mation) (Figures 6A, 6B, and S5). In the size-dependent fusion
model (Figure 6A), the steady-state concentration of a cluster
of a given size is determined by the balance of fluxes in, of
smaller fusing clusters, and a flux out. If smaller clusters
fuse slower than larger clusters fuse, then the distribution
steepens. As an example, were the size dependence of
fusion rates described by k+n,m w (n
b+mb ), the exponent of
the cluster distribution would follow a = 2b 21.5, indicating
a steepening a < 21.5 when larger clusters fuse more effi-
ciently b > 0.
F-Actin Regulates Clustering by Reducing Fission Events
The cytoplasmic tail of E-cad links E-cad complexes to the
actin cytoskeleton. It binds to b-catenin, which, in turn, binds
a-catenin (a-Cat) [12, 57]. a-Catmediatesmechanical coupling
to actin filaments [31, 58]. RNAi-mediated reduction of a-Cat
caused a 40% reduction of E-cad at junctions (Figures 6C
and 6D), consistent with previous reports [31]. Remarkably,
the cluster-size distribution shows that a-Cat also has an
impact on E-cad clustering independent from E-cad surface
density. At a given E-cad junction surface density (s* = 75mol-
ecules per mm2), the level of clustering is reduced significantly
in a-Cat RNAi embryos (p < 10210, Figure 6E). Cluster-size dis-
tributions remain power laws but with a steeper slope than
control, aa-CatRNAi < aWT < 21.5 (Figure 6F).
According to the size-dependent fusion model, this would
suggest that a-Cat reduces the fusion of larger clusters relative
to smaller ones (Figure 6A). This seems implausible given the
role that a-Cat plays in mediating actin/E-cad interactions.Alternatively, the observed steepness of cluster-size distri-
butions could be explained by actin controlling the fission
rates in a size-dependent manner by reducing the fission of
smaller clusters (Figure 6B). Indeed, were smaller clusters
more efficient at breaking up, the rate at which E-cad would
populate larger clusters would be hindered. This slowing
down of clustering would produce a steepening of the clus-
ter-size distribution. This fission model would suggest that,
in a-Cat RNAi embryos, the fission of smaller clusters would
be enhanced with respect to wild-type (compare Figures 6B
and 6E) Thus, our observations suggest that the role of actin
is to stabilize cadherin clusters to possible fission events
(Figure 6B).
Our model predicts that depolymerizing or stabilizing
F-actin ought to produce, respectively, a steepening or a flat-
tening of the distribution relative to the wild-type, which is
what we observe using, respectively, the F-actin depolymeriz-
ing drug Latrunculin A (aLatA < aWT) or the stabilizing drug jas-
plakinolide (aJaspla > aWT) [59] (Figure 6F).
The fact that E-cad clustering is often confined to the most
apical part of cell-cell contacts suggests that specific polarity
proteins in addition to cytoskeletal regulation [35, 60] might
play an important role. We therefore investigated the role of
polarity cues on the organization principles of E-cad at AJs
in the light of our model.
The polarity protein Par3 was reported to be a positional
landmark for AJs [35, 60]. Moreover, Par3 colocalizes with
E-cad complexes in spots AJs [31, 61] and coimmunoprecipi-
tates with b-Cat [62]. However, Par3 is not required for the
nucleation of E-cad clusters [37]. We addressed the mecha-
nisms by which Par3 might regulate/position E-cad clusters.
RNAi-mediated reduction of Par3 yielded a significant reduc-
tion of E-cad at junctions (Figure 6D) and also a strong
decrease of E-cad clustering independent of its effect on
E-cad surface density (p < 10213, Figure 6E). The effect on
the cluster-size distribution was remarkably similar to that
observed for a-Cat: aa-CatRNAi = aPar3-RNAi (Figure 6F, KS test,
p > 0.9). This suggests that Par-3 might regulate the position
and organization of E-cad clusters using actin-dependent
mechanisms controlling the fission rates like a-Cat.
Discussion
E-Cad Supramolecular Organization In Vivo
We characterized with PALM microscopy the precise molecu-
lar densities and cluster organization of E-cad in Drosophila
embryos and proposed a general theoretical framework that
allows us determine the essential mechanisms of E-cad clus-
tering in vivo. Superresolution quantification of E-cad clusters
reveals a mesoscopic organization of polydisperse nanomet-
ric clusters for different E-cad surface density levels as well
as mutant backgrounds. In particular, the distribution can be
well approximated by a truncated power-law distribution that
is precisely regulated by the distinct activity of E-cad/actin
coupling and E-cad endocytosis. So far, assaying whether
these processes altered the mesoscopic organization of
E-cad has been unexplored and quantifying the phenotypes
associated with perturbing E-cad/actin coupling and endocy-
tosis has not been possible. The accuracy of our measure-
ments make both these possible and allows us to assign
mechanistic roles to key cortical regulators involved in both
E-cad/actin coupling and endocytosis. The developmental
consequences of this precise control of E-cad organization
are now made addressable by our work.
Figure 6. Actin/E-Cadherin Interactions Control Fission Mechanisms
(A andB) Predicted cluster-size distributions in the size-dependent fusion (A) and size-dependent fission (B)models. In the size-dependent fusionmodel (A),
the rates of fusion are power laws with exponent b: k+n,m = k
+
0(n
b + mb). In the size-dependent fission model (B), the rates of fission are power laws with
exponent u: k-n,m = k
-
0(n
u + mu). Deviations from the slope a = 21.5 allow discrimination between models.
(C–E) a-Cat and Par3 control of cluster-size distribution. PALM images in a-Cat RNAi-injected embryo and control (C), junctional surface density (D), and
cumulative distribution at the surface density of 75 molecules/mm2 (E).
(F) Power-law exponents as a function of E-cad junctional surface density in a-Cat RNAi (red squares), Par3-RNAi (blue hexagons), Latrunculin-A-treated
(magenta triangles), jasplakinolide-treated (green triangles), and control (black circles) embryos. The scale bar represents 5 mm.
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Targeting Large Clusters
Our data show that endocytosis controls E-cad at AJs in quan-
titative and qualitative ways. It limits the growth of large
clusters by their targeted removal (Figure 7A) and as a
consequence reduces E-cad surface density. We showed
that E-cad removal by dynamin-dependent endocytosis is
only significant above a cluster-size threshold of about
300 E-cad molecules, which corresponds to clusters larger
than 60 nm in diameter. One possible mechanism is that
large clusters could favor the assembly of the endocytic
machinery and then be endocytosed with a higher frequency
compared to smaller ones. This conclusion is in agreementwith the recent proposal that E-cad clustering leads to the
recruitment of the adaptator protein AP2 and clathrin [27]. In
addition to clathrin vesicles, caveolae or pinocytic vesicles
that could accommodate more E-cad than clathrin vesicles
might be also involved in E-cad endocytosis. Importantly,
endocytosis prevents the formation of macroscopic clusters,
which could freeze tissue dynamics by affecting the actomy-
osin networks.
Actin Regulation of E-Cad Clustering
It is largely accepted that E-cad-mediated adhesion relies
on the trans-homodimerization and cis-interactions, which
produce lateral clustering. Previous reports relying on key
Figure 7. Regulation of Cluster Size and Number by Endocytosis and Actin-
Dependent Mechanisms
(A) A schematic model.
(B) E-cad clustering phase diagram. Supramolecular organization of
E-cad characterized by two components, power-law exponent and cutoff
size (a, n*) in control and perturbed conditions.
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interactions of E-cad are important for clustering [63–66].
Although E-cad can cluster without actin [66], our data indicate
that, in living epithelia, the maintenance of E-cad clusters re-
quires E-cad interactions with actin. More specifically, we
rule out the possibility that interaction with actin enhances
the fusion of cadherin clusters; instead, our work suggests
that actin-based regulation inhibits the breakup of cadherin
clusters (Figure 7A). We can therefore propose that the
steady-state organization of clusters in vivo results from the
balance between actin-independent fusion processes medi-
ated by cis- and trans-interactions, as reported in vitro,
and actin-dependent fission mechanisms. This reconciles
opposing views emphasizing either the role of actin-depen-
dent mechanisms in clustering or the intrinsic self-assembly
properties of E-cad.
E-Cad Clustering Phase Diagram
Quantitative measurements of E-cad cluster-size distributions
as a function of E-cad surface density in WT, mutant, and
treated scenarios can be projected onto the clustering phase
diagram in Figure 7B. The empirical fact that two parameters,a and n*, accurately characterize these distributions permits
such a projection.
Each genetic condition tracks out a curve in Figure 7B.
Comparing these different curves and how they map onto
the other is insightful. (1) The shi-ts curve is a vertical shift of
the WT curve, indicating the dynamin-dependent endocytosis
leaves the power-law part of the cluster distribution un-
changed and simply alters the scale at which endocytosis
becomes significant. (2) The a-Cat RNAi curve is a shift of
the WT curve horizontally to the left, indicating that a-Cat
solely influences the power-law part of the distribution.
Dynamin-dependent endocytosis and a-Cat therefore move
curves along orthogonal directions in this phase diagram.
Naturally, if perturbing expression levels of a molecule led to
an a and an n* shift, it would indicate its joint influence on
both endocytosis and E-cad cluster stability.
Reduction of E-cad/actin coupling in a Par3 mutant leads to
similar transformations relative to WT as a-Cat RNAi suggest-
ing a similar role played by the two in E-cad organization. Simi-
larly, depolymerizing F-actin by Latrunculin A translates the
WT curve to the left. Conversely, promoting actin polymeriza-
tion by jasplakinolide translates the WT curve to the right sug-
gesting an increased stability of cadherin clusters.
We believe that the approach proposed here could be help-
ful to address the role of endocytosis and more generally traf-
ficking in the regulation of E-cad organization at cell junctions.
Consequences for Tissue Dynamics
We found that the monomeric concentration of E-cad at junc-
tion is immune to changes in total junctional surface density
and that the distribution of clusters is quantitatively controlled
over a large range of surface densities. This provides a discre-
tized mode of cell-cell adhesion, which supports cortical
forces during junction remodeling [16] and cell sorting in vivo
[18]. The role of actin crosslinking and endocytosis reported
here may provide local and fast control over cluster formation
and dynamics. This has strong implications for tissuemorpho-
genesis. Indeed, Par3 distribution is spatially regulated in
early Drosophila embryos [67] and affects the distribution of
E-cad at cells junctions [26, 27]. In addition, E-cad endocytosis
is locally controlled and affects E-cad planar polarity at
cell junctions. When both endocytosis of E-cad and Par3 dis-
tribution are affected, junction remodeling is perturbed, sug-
gesting the major impact of controlling local E-cad cluster
organization.
Although in vitro data indicate that E-cadherin transmits
force between the cytoskeleton and the cell environment
[17], the question of how E-cadherin clustering modulates
force transmission in vivo is not solved yet and will require
further work combiningmechanical measurements and super-
resolution imaging as presented above.
Our study of E-cad supramolecular organization in vivo
paves the way for a quantitative understanding of adhesion
and force transmission and how these might impact on cell
and tissue dynamics in living organisms.
Experimental Procedures
Imaging
PALM images were performed using a home-built optical setup with three
laser lines, 405, 488, and 561 nm, for activation and imaging the green
and red forms of EosFP, respectively (see the Supplemental Experimental
Procedures). Drosophila embryos were imaged under oblique illumination.
Total magnification was 3160 and astigmatic detection was performed as
described in [39]. Single molecules were detected using a generalized
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2206likelihood ratio test as described in MTT algorithm [68] and localized using
a bidimensional Gaussian approximating the microscope point spread
function (PSF). FCS and confocal imaging were performed with a LSM780
(Zeiss) in the photon-counting mode (see the Supplemental Experimental
Procedures).
Transmission electron micrographs were obtained on ultrathin sections
using a Zeiss EM 912 electron microscope, equipped with a camera Gatan
Bioscan, as described in [27].
Data analysis
Clusters detection was performed using first an intermolecular distance cri-
terion and second a mean-shift algorithm adapted from [69]. Clusters were
further analyzed using inertia matrices to determine the density of mole-
cules (see the Supplemental Experimental Procedures).
Fly Stocks and Sample Preparation
Sqh-E-Cad::EosFP(III) was obtained by combining the E-cad::mEosFP1
fusion used previously [31] to the promoter of spaghetti-squash. Embryo
fixation, staining, and injection of RNAi probes were performed as
described in [60].
Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures
and five figures and can be found with this article online at http://dx.doi.org/
10.1016/j.cub.2013.09.015.
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